Abstract:
Introduction
Despite much effort directed to the search for effective methods of heavy metal removal, the problem concerning environmental contamination with them has not been resolved yet. The sources of toxic metals are countless, starting with waste waters, battery industry or automobile emissions [1] [2] [3] [4] [5] [6] . From the various methods used for their removal from aqueous solutions, solid phase extraction (SPE) has been frequently applied [7, 8] . This method offers some important advantages, such as the elimination of the use of organic solvents, simplicity of separation or the increased possibility of reuse of the solid extractors.
Two major groups of adsorbents have been generally used, organic polymers and inorganic silica gel with surface modified with organic compounds. In both cases, of fundamental importance is the organic chelating ligand that guarantees specific adsorption properties. There are plenty of examples of either inorganic or organic matrices bearing different chelating ligands for heavy metal removal. Amidoamidoxime silica was suitable for Cu(II) preconcentration from water samples [9] . 4-Phenylacetophynone 4-aminobenzoylhydrazone immobilized onto silica gel enabled adsorption of several divalent cations [10] . Gallic acid immobilization on the silica surface proved to be effective in preconcentration and extraction of some metals (Pb(II), Cu(II), Cd(II) and Ni(II)) [11] . Another modification with benzophenone 4-aminobenzoylhydrazone [12] allowed effective sorption of Cu(II), Ni(II), Co(II) and Zn(II). Among different polymeric supports, poly(ethylene glycol dimethacrylaten-vinyl imidazole) was sufficient for Cd(II), Pb(II) and Hg(II) removal [13] . Another polymer, poly(vinyl pyridinepoly ethylene glycol methacrylate-ethylene glycol dimethacrylate), was prepared for removal of several heavy metals [14] . The modification of polymers in order to incorporate ligands of known properties to the matrix was for example applied through the immobilization of calix [4] arene derivative onto poly[(phenyl glycidyl ether)-co-formaldehyde] for the sorption of oxoanions [15] .
In our earlier research work, we studied silica surfaces functionalized with different organic ligands for ion extraction from aqueous solutions [16] [17] [18] . In the present
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A simple synthesis of a material capable of metal cation removal is proposed. The material was a derivative of epoxy resin containing amine groups. It is insoluble in water and in this study it was characterized by elemental analysis and infrared spectroscopy. The sorbent obtained was tested for its ability to remove coper(II), cadmium(II) and lead(II) from water solutions. The tests were performed for different concentrations of metal ions (10-200 mg L -1
) and at different pH (2.0-9.0). The effects of temperature and stirring time, as well as reusability of the sorbent were also studied in batch experiments. In the optimum conditions, the decrease in the cation concentration in aqueous solutions was observed in the order Cu>Pb>Cd but for each ion the decrease was at least 50% of the initial concentration. The sorbent has demonstrated high effectiveness in cation sorption and after regeneration it can be applied repeatedly in the process described.
study we describe the effects obtained with modification of Poly[(phenyl glycidyl ether)-co-formaldehyde] with simple aliphatic polyamine. The matrix obtained was applied for sorption of heavy metals from aqueous solutions.
Experimental procedure

Chemicals and apparatus
Poly[(phenyl glycidyl ether)-co-formaldehyde] and diethylenetriamine as well as the perchlorates Cu(II), Cd(II) and Pb(II) were obtained from Aldrich and were of reagent grade. Doubly distilled water was used for solution preparation.
The elemental analysis was performed with a Vario ELIII (Elementar, USA) analyzer. The infrared spectra were taken on an IFS 66v/s Fourier transform infrared (FTIR) spectrophotometer from Bruker, equipped with a MCT detector (125 scans, resolution 2 cm -1 ). The spectra were recorded in the 400-4000 cm -1 range for KBr pellets. The pH measurements were made by a pH meter Elemetron calibrated against standard buffer solutions, pH 4.0 and 6.0. An inductively coupled plasma-optical emission (ICP-OES) spectrometer from Varian was used to determine the concentrations of metal ions before and after preconcentration.
Synthesis of the support
A portion of 10 mL of Poly[(phenyl glycidyl ether)-coformaldehyde] (A) (35.5 mmol) containing 2.2 epoxide groups per molecule was dissolved in methylene chloride (150 mL). Then diethylenetriamine was added in excess (4:1 molar ratio) with reference to substrate A and the reaction mixture was stirred and heated under reflux for 24 h. The reaction process was monitored by Thin Layer Chromatography (TLC). After the solvent removal, the precipitate was filtered off. The product obtained was washed several times with methylene chloride and water, and finally dried.
Anal. Calcd. For C 29.8 H 53 N 6.6 O 4.4 : 62.36, C; 9.24, H; 16.11, N. Found: 64.02, C; 9.31, H; 16.06, N.
Sorption and desorption studies
The ability of heavy metal chelation was investigated by batch technique. Aqueous solutions of Cu(II), Cd(II) and Pb(II) ions (10-200 mg L -1 ) were added to appropriate flasks with the sorbent. The mixture was magnetically stirred for 10 to 120 min at different temperatures from the range 298-318 K. The desired pH (2.0-9.0) was achieved by adding dilute HCl or KOH solutions. The sorbent was then separated. The concentration of heavy metal ions remaining in the aqueous solution was determined by the ICP-OES technique. Each experiment was repeated at least three times and the results were averaged. The effectiveness of sorption process was evaluated by the amount of metal ions adsorbed, Q (mg g -1 of sorbent), given by the equation:
where C i and C f represent the initial and final concentrations of metal ions (mg L -1 ) respectively, V-volume of the aqueous phase (L) and m-mass of the sorbent (g), given by the sorption percentage (S %):
In order to estimate the reusability of the sorbent, a definite volume of dilute HNO 3 solution was applied to elute the metal ions adsorbed. On the basis of the earlier calculated amount of adsorbed metal ions and the concentration of those ions in the nitric acid solution, determined by ICP-OES, the desorption ratio D (%) was calculated according to the following equation:
where the amount (mg) of desorbed metal ions is represented by A, while that of adsorbed metal ions is represented by B.
The adsorption-desorption process was repeated five times to estimate the efficiency of the sorbent.
Results and discussion
Characterization of the synthesis product
The material studied was obtained as shown in Scheme 1.
The structure of the sorbent studied was identified by the FTIR spectrum (Fig. 1) . The main difference observed between the unmodified and modified material is manifested by the presence of new signals in the region above 3100 cm -1 . As a consequence of the epoxy ring opening, hydroxyl groups were formed and gave a broad signal at around 3412 cm -1 . In the same region, the bands corresponding to the stretching vibration of NH 2 groups (primary amine) were present, while at 3249 cm -1 the bands corresponding to the stretching vibrations of NH groups (secondary amine) appeared. Further evidence of formation of the desired product is the disappearance of the peak at 910 cm -1 that was assigned to cyclic ether.
The formation of the sorbent studied was also indicated by elemental analysis. The polymeric substrate mass was only approximate as specified by the producer. Therefore, the theoretical elemental analysis was calculated on the basis of the information that each molecule contained 2.2 epoxide groups. Good agreement of the results to the results found confirms that the planned synthesis product was obtained.
The sorbent adsorption properites
The removal of chosen heavy metals from water solution was carried out in different conditions in order to establish optimum conditions guaranteeing the highest effectiveness of the sorption process. Very high dependence of metal ion complexation on pH requires the determination of the optimal environment for the adsorption process. Both domestic and fresh municipal wastes are characterized by pH in the range between 6.5 and 7.5 that corresponds to natural pH of waters into which purified wastes are introduced. In cases of rotten wastes, the pH value is lower (more acidic).
In order to establish the appropriate pH values ensuring high efficiency of the process, the batch experiment was carried out at room temperature (298 K) for pH in the range 2.0-9.0 for the same initial concentration of metal ions (40 mg L -1 ) and the amount of the sorbent (20 mg). Fig. 2 presents changes in the amount of metal ions adsorbed at different pH. The highest chelation capacities of the sorbent were obtained in the low acidic environment as 38.4 (Cu) and 22.3 (Cd) at pH 5.0, and 26.90 mg g -1 (Pb) at pH 6.0. Thus the compound studied is characterized by the highest affinity towards copper(II) but the other ions are also removed from aqueous solution to significant degree. According to the sorption percentage data (Table 1) , the affinity order at a chosen initial concentration at the optimal pH is Cu (96.0%) > Pb (67.3%) > Cd (55.8%).
The sorbent adsorption capacity towards metal ions, described as the amount of metal ion adsorbed per unit mass of adsorbent, was verified for different initial concentrations of cations (10-200 mg L -1 ) at room temperature. The results are presented in Fig. 3 for copper(II) and cadmium(II), while Fig. 4 
displays results for lead(II).
The general tendency is the same for all metals. At the beginning, the adsorption capacity quickly increases as the initial concentration grows. However, in the region between 20 to 40 mg L -1 it becomes stabilized as manifested by a plateau reached as a consequence of saturation of the sorbent active sites. The chelating capacity of the sorbent studied exceeds 20 mg L -1 for all metal ions tested, but as copper ions show the highest affinity to nitrogen atoms, the sorbent capacity towards copper ions is close to 40 mg L -1 . In the classification of sorbents used for the removal of heavy metal ions, the material studied belongs to the group of moderate efficiency.
Besides the hitherto discussed parameters, additional ones that influence the adsorption process efficiency were analyzed. To establish the optimum stirring time, the effects of stirring for 10 to 120 minutes were studied. Very short contact time of the sorbent and heavy metals (10 min) gave unsatisfactory results because the sorption percentage was below 50% for all ions. After 30 minutes of stirring, the matrix demonstrated vary good sorption ability towards copper(II), (96%), but for the other ions the sorption percentage was much lower and amounted to 42 and 55% for cadmium and lead respectively. It increased to maximal values (56 and 67%) after one hour, which was chosen as the optimal stirring time for all batch experiments. Further extension of stirring time had no effect on the efficiency of the process.
In order to select the process temperature, the studies were carried out at temperatures from 298 to 318 K at every five degrees. A small increase in the sorption efficiency was observed with increasing temperature. However, the difference increased by only a few percent (S%). Whenever the industrial application is considered, it is crucial to eliminate any additional costs. The increase in the process temperature significantly reduces the potential chance for practical application, thus batch experiments were conducted at room temperature.
Another factor of great importance is connected with the possibility of repeated use of the matrix. Any process that causes a matrix waste after single use is unattractive from the commercial point of view. In order to estimate the efficiency of the matrix obtained, the adsorbed ions were washed out with elution solution (HNO 3 ). The adsorption-desorption exchange was repeated five times and the effectiveness of the process was described as the amount of adsorbed metal ions and the desorption ratio (Table 2) . The highest amount of adsorbed metal ions was observed in the initial cycle, while in the following ones it slowly decreased. This tendency is understandable as one of the factors that influences the sorption percentage is the amount of cations desorbed to the nitric acid solution. When analyzing the calculated desorption ratio, the values were always below 100%, therefore in the following cycle the matrix was already loaded with a slight amount of adsorbed metals. On the other hand, the desorption ratio always exceeded 90% for all metal ions. It proves the very good ability of the sorbent for regeneration and reusability.
In order to compare the effectiveness of the matrix described with those of the other ones mentioned in the literature, the sorption capacities at the optimal pH are collected in Table 3 . Most of the sorbents taken for comparison, and obtained on the basis of silica gel [9] [10] [11] [12] , demonstrated much lower capability of heavy metal removal from water solution. This is understandable as the percentage of organic unit deposited on an inorganic matrix responsible for the complexing properties is lower in comparison with that of polymeric matrices. From this point of view the sorbent having the silica surface modified with gallic acid [11] is an exception in the mentioned group. Its sorption properties are lower in regard to the matrix studied but the difference is not that significant. On the other hand, polymeric supports [12-13] were characterized by much higher sorption capacities than the ones based on inorganic core. Among the group of sorbents supported on polymeric matrices, the material we propose is characterized by intermediate values of sorption capacities.
It is also interesting to compare the properties of other matrices based on epoxy resin. Depending on the type of incorporated chelating agents, the polymers show the ability to adsorb different ions. Epoxy resin modified polyurethanes were applied for the removal of some heavy metals [19] . The authors obtained two polymers: Polyurethane aminated epoxy and Carboxymethyl polyurethane aminated epoxy and tested their ability to adsorb metal ions, which decreased in the order: Co(II) > Cd(II) > Pb(II). The highest adsorptions of metal ions were 98% for Co(II) and 99% for Cd(II) at pH 9.5, while for Pb(II) -96% at pH 6.5. Epoxy resin can also complex other ions, e.g. trace noble metal ions. The epoxy-imidazole complexing resin was used for the preconcentration and separation of noble metals [20] , and its adsorption capacity ranged from 64.7 to 97.4 mg g -1 (Table 3) . On the other hand the experiment carried out to evaluate the ability to bind heavy metal ions to the unmodified substrate showed no loss of concentration of these ions in aqueous solution. This confirms the assumption that the nitrogen atoms introduced are responsible for the metal cations adsorption.
Conclusion
The paper presents the proposed method of synthesis of a new sorbent and results of testing its adsorption properties towards heavy metal ions. The results reported here confirm several advantages of the sorbent application in practice. The synthesis process is very simple and efficient; resulting in the formation of the matrix characterized by very good sorption capacity towards copper ions and satisfactory capacity towards adsorption of lead and cadmium ions in optimal conditions. Moreover, the possibility of the matrix being used in multiple cycles increases the chance of its application in the field of environmental protection.
